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Abstract

Thermoelastic behavior of functionally graded particulate materials is investigated with a
micromechanical approach. Based on a special representative volume element constructed to
represent the graded microstructure of a macroscopic material point, the relation between the
averaged strains of the particle and matrix phases is derived with pair-wise particle interactions, and
a set of governing equations for the thermoelastic behavior of functionally graded materials is
presented. The effective coefficient of thermal expansion at a material point is solved through the
overall averaged strain of two phases induced by temperature change under the stress-free condition,
and is shown to exhibit a weak anisotropy due to the particle interactions within the graded
microstructure. When the material gradient is eliminated, the proposed model predicts the effective
coefficient of thermal expansion for uniform composites as expected. If the particle interactions are
disregarded, the proposed model recovers the Kerner model. The proposed semi-analytical scheme is
consistent and general, and can handle any thermal loading variation. As examples, the thermal
stress distributions of graded thermal barrier coatings are solved for two types of thermal loading:
uniform temperature change and steady-state heat conduction in the gradation direction.
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1. Introduction

Functionally graded materials (FGMs) are characterized by continuous variation of the
volume fraction of the constituents (Miyamoto et al., 1999). In recent years, FGMs have
been manufactured for various multifunctional tasks (Suresh and Mortensen, 1998;
Paulino, 2004). For instance, in ceramic/metal two-phase FGMs, a continuous trade-off
between the fracture toughness and high thermal-conductivity of metals is utilized with the
high hardness and low thermal conductivity of ceramics. In heat and impact protection
applications, the material multifunctionality consists of the ability to provide structural
support by virtue of the metallic portions of FGMs, and the simultaneous ability of the
same material system to provide the required thermal or impact resistance by virtue of the
ceramic portions of FGMs. Due to the gradually varying microstructure, the overall
thermomechanical response of the material system continuously changes in the gradation
direction and, thus, thermal stresses may be reduced as compared to corresponding two-
layer or bimaterial systems (Paulino et al., 2003).

Investigation of effective thermomechanical properties of FGMs has attracted a
significant amount of attention in recent years. Kesler et al. (1998), Ishibashi et al. (2000),
and Khor and Gu (2000) have employed different approaches to obtain the effective
coefficients of thermal expansion (CTE) and thermal stress distribution of FGMs in the
gradation direction. Finite element models have been used to simulate thermomechanical
response and to analyze experimental results (Dao et al., 1997; Reiter and Dvorak, 1998;
Neubrand et al., 2002; Agrawal et al., 2003). Because FGMs generally have a complex
microstructure and the accuracy of numerical simulations depends on the quality of
meshing (e.g. discretization aspects), it is not straightforward to extend these results to
general cases.

Effective medium theory has been successfully developed to predict the effective elastic
constants and CTEs for homogeneous composites. Although FGMs have quite different
microstructure from homogenous composites, the Mori-Tanaka (Mori and Tanaka, 1973)
and self-consistent (Hill, 1965; Budiansky, 1965) models have been directly employed to
estimate the effective moduli and CTEs for FGMs as seen in Reiter and Dvorak (1998),
Vel and Batra (2003), and Kim and Paulino (2003) among others. Buryachenko and
Rammerstorfer (2001) and Tsukamoto (2003) approximated the continuous volume
fraction distribution function of an FGM with a step function. As a result, the FGM was
transferred into a multi-layer system. However, none of these approaches directly
considered the continuous material gradient nature and local particle interaction of FGMs
at the microscopic scale.

Some studies have suggested the need to consider the effect of a continuous
volume fraction gradient on the effective properties of an FGM. For instance, Zuiker
and Dvorak (1994) extended the Mori-Tanaka method to linearly varying fields and
investigated the relations of the averaged stress versus strain relation, and of the stress-
gradient versus strain-gradient, which was shown to be dependent on the size of
the representative volume element (RVE). By definition, a RVE in a continuum body
is a material volume that statistically represents the neighborhood of a material point
(Nemat-Nasser and Hori, 1999). Aboudi et al. (1999) developed a higher-order cell
theory based on volumetric averaging of the mechanical fields and numerically studied
the micro—macro-structural coupling effect in the effective thermomechanical behavior
of FGMs.
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The purpose of this work is to investigate the effective thermoelastic behavior of FGMs
considering local particle interactions and particle distributions. An FGM, illustrated in
Fig. 1(a), microscopically contains a particle—matrix zone with dispersed particles filled in a
continuous matrix, followed by a skeletal transition zone in which the particle and matrix
phases cannot be well defined because the two phases are interpenetrated into one other as
a connected network. The transition zone is followed by another particle-matrix zone with
interchanged phases of particle and matrix (Yin et al., 2004). Macroscopically, the FGM is
observed as a homogeneous material with varying effective material properties along the
gradation direction in a continuous and differentiable fashion (Eischen, 1987). To solve
the overall behavior based on the microstructure, a graded RVE is constructed to represent
the microstructure at the neighborhood of a material point in the particle-matrix zones. By
integrating the pair-wise particle interactions from all other particles over the RVE, the
relation between the particle and matrix averaged strains for FGMs subjected to thermal
and mechanical loading is obtained. Then, a set of governing equations are provided for
the thermoelastic behavior of FGMs.

Effective CTEs of composite materials is generally defined through the overall averaged
strain of a material point induced by temperature change under the stress-free condition
(Kingery et al., 1976). Using the governing equations of FGMs, the averaged thermal
strain distribution in the gradation direction is solved. In the transition zone, a transition
function (Reiter and Dvorak, 1998; Yin et al., 2004) is introduced to make the averaged
strain fields continuous and differentiable in the gradation direction. From the relation
between averaged thermal strain and temperature change, the effective CTE distribution is
obtained. The effective CTEs are weakly anisotropic due to the particle interaction and
graded microstructure. When the material gradient is reduced to zero, the proposed model
can also predict the effective CTEs and thermal stresses of both phases for uniform
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Fig. 1. Schematic illustration of a two-phase FGM graded along the X3 direction: (a) microstructure including 4
and B phases and three zones, and (b) RVE of the neighborhood of the material point X°. The global coordinate
system is denoted (X, X5, X3) and the local coordinate system is denoted (x;, x5, X3).
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composites. Further, disregarding the particle interactions, the effective CTEs are
predicted by means of an explicit form, which recovers the former Kerner model (1956).

The proposed method is also used to calculate the thermal stress distribution of FGMs
for different boundary conditions and loading conditions. For a graded thermal barrier
coating (TBC) deposited onto a uniform substrate, the horizontal deformation is
constrained by the substrate and the vertical deformation is free. To simulate the
deposition and application of TBCs, two types of loading conditions are considered: the
uniform temperature change and the steady-state temperature field for the upper and lower
surfaces of the FGM with different temperatures. For the latter case, the temperature field
in TBCs is first solved. The averaged strain distribution for each phase of the FGM is then
derived, and, finally, the thermal stress distribution is obtained.

The remainder of this paper is organized as follows. Section 2 defines the pairwise
interaction for two interacting particles filled in the infinite domain subject to a far-field
stress and uniform temperature change, and uses it to obtain the governing equations for
thermoelastic behavior of FGMs. Section 3 studies the effective CTE distribution in
FGMs. When the material gradient is null, the proposed model predicts the effective CTE
for uniform composites. Section 4 simulates the thermal stress distributions in graded
TBCs under uniform temperature change and steady-state heat conduction. Concluding
remarks are given in Section 5.

2. Micromechanical analysis of the RVE

Consider a particulate FGM (Fig. 1(a)) containing two phases 4 and B with isotropic
elastic tensors C* and C® and isotropic CTEs o' and o, respectively. The overall grading
length of the FGM is ¢ (thickness). The global coordinate system of the FGM is denoted by
(X3, X», X3) with X5 being the continuous gradation direction. Three material zones exist in
the gradation direction: zone I (0< X3<d)) including discrete particles of phase 4 with the
continuous matrix of phase B; zone Il (d>< X3<¢) including discrete particles of phase B
with the continuous matrix of phase A4, and; special transition zone II (d; < X3 <d,) including
interpenetrating phases (Reiter and Dvorak, 1998; Torquato, 2002). Here the boundaries of
the transition zone are denoted by d; and d», which could be obtained from microstructure
characterization (Bao and Cai, 1997). Typically, in each graded thin layer (X;— X plane),
micro-particles are uniformly dispersed with a two-dimensionally random setting so that the
material layer is statistically homogeneous. Although these micro-particles, whose sizes are
much smaller than the thickness of the FGM, cannot be observed at the macroscopic scale,
the volume fraction of phase A or B varies gradually in the X3 direction.

For any macroscopic material point, the effective material behavior depends upon the
microstructural features in the local neighborhood of the point. For convenience, a
material point X° is arbitrarily chosen in the range of 0<X;<d, (zone I) (Fig. 1(a)).
A graded RVE is introduced to represent the microstructure in the neighborhood of
the material point (Fig. 1(b)). The RVE contains a number of micro-particles of the phase
A embedded in a continuous matrix of the phase B, and the overall volume fraction of
particle phase 4 and its gradient should be consistent with the macroscopic counterparts
(,i)(Xg) and d¢/dX3|X3=X0. Here, ¢ denotes the volume fraction of phase A4, and thus,
the volume fraction of pilase B is 1—¢. The local coordinate system (x;, x», and x3)
is constructed with the origin corresponding to X° to represent the microstructure. All
micro-particles are assumed to be spherical with identical radius a(a <¢). The entire RVE
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domain is denoted as D and the ith micro-particle’s (i =1, 2, 3,...,00) domain is denoted
as Q;, which is centered at x’. For ease of formulation, a particle centered at the origin is
assumed and denoted as Q,.

Originally, the FGM is free-standing with no initial stress or strain at any point. When it
is subjected to a uniform thermomechanical loading, an overall deformation at the material
point X° can be observed at the macroscopic scale. This deformation is obtained by the
averaged deformation of the particles and matrix in the corresponding X;—X> plane. At the
microscopic scale, the discrete particles are constrained by the matrix, and the occurrence of
a particle has an interaction on the elastic fields of neighboring particles. The relation
between particle and matrix deformations depends on the constituents and microstructure
of the RVE. In the following, the thermoelastic interaction between particles in the RVE
under a thermomechanical loading is first investigated; the relation between the particle and
matrix strains of the RVE with particle interactions is then derived, and finally; the
governing equations for thermomechanical behavior of FGMs are provided.

2.1. Pair-wise thermoelastic interaction in the RVE

To analytically solve the interaction between particles, the RVE including only the particle €,
is first considered. When this RVE is subjected to a uniform temperature change and a uniform
stress on the boundary, the local elastic field in the neighborhood of the particle is distorted due
to the material mismatch in both the stiffness and CTE. Using Eshelby’s equivalent inclusion
method (Eshelby, 1957, 1959), the material elastic mismatch is simulated by introducing an
eigenstrain on the particle, and then the problem is reduced to a homogeneous domain with the
matrix material subjected to the uniform thermomechanical loading along with the particle
elastic and thermal equivalent eigenstrains in the particle domain.

Based on the Eshelby’s equivalent inclusion method, the local strain field at a certain
point x for the phase 4 particle embedded in the phase B matrix under the external far-field
stress 6° and the temperature change 7 can be written as

g(x) = &’ + £ (x), (1
where
g = (CB)_I 6 + P78, )

denotes the uniform strain caused by the thermomechanical loading, in which & is the
second rank unit tensor or the Kronecker Delta tensor, and the disturbed strain ¢ due to
the material mismatch between the particle and the matrix reads:

g(x) = —/Q I'x—x)-C%: [€(x') + ST} dx’, 3)

in which the symbols ““ - “and ““:” indicate the tensor contraction between two fourth-rank
tensors and between fourth-rank and second-rank tensors, respectively. In addition, &*
denotes the elastic equivalent eigenstrain (to be solved later) and €T is the thermal
equivalent eigenstrain written as

el = (ocA - ocB) Ts. 4)

Compared with the size of the RVE, the particle is sufficiently small to be considered as
embedded in an infinite domain. Thus, the modified two-point Green function I' (Kréner,
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1990) can be written as

, 1
Lijra(x — X) _— [—‘//,ijkl + (1-4%) (5ik90,lj + 0 + Oy + 5./190,1'/()}

~ TemuB(l
(5)

with y = |x — x'|, ¢ = 1/|x — X/|, and 1% and v® being the shear modulus and the Poisson
ratio of the matrix, respectively. Here, I'(x — x’) describes the response strain at an
arbitrary point x due to the unit source eigenstrain at a certain point x'. Because
eigenstrain only exists in the particle domain Q, the disturbed strain is written in an
integral form as shown in Eq. (3).

From the stress equivalent formulation in the spherical particle domain,

C: [ +e(x)—o?T8| = CP: [e" + &/ (x) — £"(x) — o' T§], (6)
the equivalent eigenstrain €* is derived as

&= (C%) 7 (P —ACT) T (& — o TS — P CB:gT), %)
where the elasticity mismatch tensor AC = C* — C2, and

0 _ (S,-j(sk] — (4 - SUB) (5,-1((3]] + 5i15jk)
ijkl — 30pB(1 — vB)
The combination of Egs. (1), (3) and (7) yields the local strain field due to a single particle

Qo embedded in the matrix. In particular, the strain field in the spherical particle domain
Qg is shown to be uniform as

: ®)

go=o'To+ (I—P*-AC) " : (' —a'T8 — P C%: "), ©)

where the standard fourth rank unit tensor is /;y = (5,165]1 + 5,-/5jk) /2.

If another identical particle Q, centered at x' is added in the RVE, the strain field in the
particle domain is no longer uniform. Using the equivalent inclusion method, Moschovidis
and Mura (1975) solved the elastic problem of two particles embedded in the infinite
domain under uniform far field strain. In a similar fashion, the current thermoeclastic
problem can be solved (see Appendix A). Then, the averaged strain in the first spherical
particle domain Q, can be derived by integrating the local strain field over the particle as

go=0o"T8+ {I- [P"+P(x")] -AC}_1 {e? —o'TS
—[P"+P(x")]-C*:e"} + 0(p"), (10)

where p = a/|x1‘ and the precision reaches the order of O(p®). Because p<0.5, this
precision is fairly high. In addition, the fourth-rank tensor P reads:

Pijkl (X1> =/ F,'jkl(X/) dx’
Q
(5= 3p%) 950k — (5 — 100 + 3p2) (31 + dud)
3
= m +15(5 — 7p2)nii1_/nkn/ - 15(1 - p2) ((3[,-nkn1 + 5k1n,<n_,~)
—IS(UB — p2) (5,-knjn/ + dpniny + dyniny + 5j/n,-nk)

(11)
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with n = x!/ ]xl | Comparison of Egs. (9) and (10) shows the additional particle provides
an interaction term on the averaged strain of the first particle as

d(0,x') = ACT" - L(0,x") : (" —o"T3d — AC™" - CP: &T) + O(p%), (12)

where the pair-wise interaction tensor is

L(0,x") = [ACT —P'—P(x")] ' = (ACT —P") " (13)
It is noted that the pair-wise interaction term in Eq. (12) denotes the contribution of the
occurrence of the second particle to the averaged strain of the first particle. The magnitude
of the interaction not only depends on the nature of the imposed thermomechanical
loading, but also relies on the distance between particles. As the spacing between two
particles becomes smaller, the disturbed strain becomes larger and thus the interaction is
stronger. Notice that the tensor P in Eq. (11) contains some terms of the vector n, and the
mathematical inverse operation of the fourth-rank tensor that appears in Eqgs. (10) and (13)
can be found in Ju and Chen (1994). Thus, the fourth-rank pair-wise interaction tensor L
can be explicitly derived as given in Appendix B. Numerically, if the vector n is known, the
components of the tensor P can be solved and the inverse can be calculated through the
matrix operations of the six-dimensional representation of a fourth-rank tensor (Cowin
and Mehrabadi, 1995).

2.2. Particle averaged strain with particle interactions in the RVE of FGMs

When an FGM is subjected to thermomechanical loading, the averaged strains of the
particles and the matrix vary in the gradation direction. For an arbitrarily chosen X (3) in
Fig. 1(a), its neighboring microstructure is represented as the RVE in Fig. 1(b). Because the
particle size is much smaller than the macroscopic size (such as the thickness z of FGMs),
the RVE may contain many particles. Drugan and Willis (1996) and Drugan (2000, 2003)
have demonstrated that, when the size of a RVE is larger than a specific value, the
modeling result is no longer sensitive to the size of the RVE. Therefore, for modeling
convenience, it is assumed that the RVE includes an infinite number of particles and that
the volume of the RVE is not bounded. In the central region of the RVE, the particle
distribution is consistent with the global volume fraction distribution. Without any loss of
generality, the averaged strain of the central particle of the RVE is used to represent the
particle averaged strain at X’ (3) in the gradation direction.

At the microscopic scale, particles are randomly dispersed in the matrix. It is not
possible to obtain an exact solution for the local strain field as in the previous subsection
due to the uncertainty of the particle distribution. However, the averaged strain of the
central particle can be estimated in the following way:

e when there is only one particle, the averaged strain is obtained from the single particle
solution, as given by Eq. (9);

e as more particles are added into the RVE, each additional particle will produce an
interaction on the central particle as given by Eq. (12).

Therefore, the averaged strain in the central particle Q, can be written in two parts: a
single particle solution (for the central particle embedded in the RVE) and pair-wise
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interaction terms for all other particles:
o0
(©10)=o'T8+ (1-P°. AC)_l [(©20) — o' T8 — P - CP 1 "] + Zd(O, x),
i=1

(14)

where the angular brackets (o) and (e)® denote the volume averages over the phases A
and B in the X|— X, layer, respectively. It is noted that, due to the existence of so many
distributed particles, the matrix averaged strain is no longer solely decided by the external
thermomechanical loading as in Eq. (2). It is also affected by the particle distribution.
Because the central particle is constrained and loaded through the surrounding
matrix, based on the mean-field approximation (Yin et al, 2005; Torquato, 2002), the
uniform thermomechanical strain €° of Eq. (9) is replaced by the matrix averaged strain
()% in Eq. (14).

Because the matrix averaged strain varies in the gradation direction, from Eq. (12), the
particle interaction term is written as

d(0,x) = AC™"-L(0,x) : [(&)5(x}) — o' T8 — AC™" - CP : £T] + O(p%), (15)

in which (s)B(xg) is the averaged matrix strain in the xith layer. Because all particles
are statistically distributed in a random fashion, the total particle interactions can be
obtained by integrating the pair-wise interaction of Eq. (15) over all possible particle
positions as:

(d©0)=> d(0.x) = /D P(x]0)d(0, x) dx, (16)
i=1

where P(x|0) is the conditional number density function used to locate a particle centered
at x when the first particle is located at 0. Following our recent work (Yin et al., 2004), the
particle number density function is introduced as

o ey + e (xt)]. o

where g(x) with x = |[x| denotes the Percus—Yevick radial distribution function (Percus
and Yevick, 1958; Tsang et al.,, 2001) and 0 represents the attenuating rate of the
gradation of the particle volume fraction in the far field. Given that the maximum
volume fraction of particles in the RVE should not be greater than the maximum volume
fraction in the particle-matrix zone and that the minimum volume fraction is zero, we can
impose:

e . c
5 = mmln((f), (,b - ¢)’ (18)

where ¢ denotes the maximum volume fraction in the particle-matrix zone. Because the
averaged matrix strain (¢)® continuously and differentially changes along with coordinate
X3, it can be written in terms of a Taylor expansion, i.e.,

(€)2(x3) = (8)°(0) + (&)5(x3)xs + - -. (19)

Truncating (g)®(x3) to a linear expression in terms of x;3 and disregarding the
higher-order terms O(p®) in Eq. (15), one can analytically integrate the interactions in
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Eq. (16) as:
(@)(©0) = ¢ (X$)ACT - D(0) : [(2)7(0) — " T8 — AC™" - C - 2T]
+5(X3)ACT - F(0) : ()5(0), 20)

where

D(0) = / %;)2 [(156‘1 + 10c¢3 + C5)(5,'j(3k[ 4+ (15¢3 4+ 10cq4 + Cs)((sl‘ké,‘[ + 51‘15]1()] dx
2a

21

and

KO " _(xf5) 90 [35¢) 4+ 14c3 + 5 + 2(Tc3 + ¢5)(013 + 0k3)]0401+
0= /2a ¢ 35p% | [35¢2 + 14cy + cs + 2(Tcs + ¢s)(Op3 + 0,31 (90 + dady)
(22)
Here, the definitions of ¢; (i =1, 2,...,5) and the derivations of the tensors D and F are
given in Appendix B. It is noted that Mura’s (1987) tensorial indicial notation is followed
in the above equation; i.e., uppercase indices have the same representation as the
corresponding lowercase ones, but are not summed. Due to the anisotropy of the tensor F,
the effective material behavior is also anisotropic, which is illustrated later.
Substituting Eq. (20) into Eq. (14), and recognizing that the origin of the local
coordinates in the RVE corresponds to the global coordinate point X° of the FGM, one
can obtain the averaged particle strain tensor in terms of the arbitrary material point X3

(©)1(X3) = o T8+ (= Py - AC) " : [(£)5(X3) — o' TS — Py - CP 1 £T]
+ p(X3)ACT" - D(X3) : [(8)5(X3) — T8 — ACT" - CP 1 £T].
+¢5(X3)ACT - F(X3) : (8)5(X3) (23)

This is the governing ordinary differential equation for the present problem.

2.3. Governing equations for overall material behavior

When the FGM is subjected to a thermomechanical loading, the overall material
behavior is represented by the overall averaged stress and strain distributions at the
macroscopic scale, which change in the gradation direction. The averaged stress and strain
in the X — X, layer are defined as the volume average of the stress and strain on the two
phases, and are expressed as

(0)(X3) = ¢(X3) [(6)!(X3)] +[1 — ¢(X3)][(0)(X3)], 24)

(£)(X3) = ¢(X3)(&) (X3) + [1 — d(X3)](e)B(X3), (25)

where the angular bracket (o) denotes the volume average over the entire FGM domain of
the X — X, layer. For each phase, the averaged stress is related to the averaged strain as:

(©)1(X3) = C*: ((8)'(X3) — 2 T3), (26)

(0)°(X3) = C*: ((8)°(X3) — 4" T$). (27)
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In addition, the particle averaged strain is related to the matrix averaged strain by
Eq. (23). Egs. (23)—(27) form the governing equations for the thermomechanical behavior
of FGMs. Here six tensor variables are included in the five equations, which are the
averaged stress and strain for phases A and B, and for the overall material point. If the
overall averaged stress or strain distribution is given, all other variables can be calculated
through these governing equations. In the following two sections, two specific cases are
considered. First, letting the overall averaged stress be zero for each material point, the
overall averaged strain is solved and the effective CTE distribution in the gradation
direction is obtained; then, considering the overall averaged strain of FGMs constrained
by stiff and thick substrates, the thermal stress distribution in graded TBCs is calculated.

It is noted that Eq. (23) is derived for zone I with the phase 4 as particles and the phase
B as matrix. In the other particle-matrix zone, the relation between the particle and matrix
averaged strains can be similarly obtained by interchanging the roles of phases 4 and B. In
the transition zone, a transition function will be introduced to simulate the microstructural
transition between two particle-matrix zones, which is discussed Section 3.

3. Effective CTE distribution

The effective CTE for a composite material is generally measured as the overall averaged
strain at a unit temperature change under the stress-free condition (Kingery et al., 1976). In
FGMs, the effective CTE, which is an intrinsic physical quantity for a material point,
continuously changes in the gradation direction. Consider a free-standing FGM under a
uniform temperature change. For a constant or linear effective CTE distribution in the
gradation direction, the thermally induced strain is uniform or linear, respectively, which
satisfies compatibility, so that no thermal stress is induced. However, the effective CTE
distribution in general FGMs may be nonlinear. Due to loss of compatibility of the
thermally induced strain, which is discussed in detail later, thermal stress must be present
to make the total strain compatible. Therefore, the effective CTE may not be directly
observed from the total strain distribution in the gradation direction in a free-standing
FGM under uniform temperature change. For a certain material point, the effective CTE
can be experimentally measured within individual thin slices cut perpendicular to the
gradation direction (Ishibashi et al., 2000), in which the thermal stress is very close to zero
in the thin slices. Herein, to analytically obtain the effective CTE at the material point, the
overall averaged stress is assumed to be zero. From the relation between the overall
averaged strain and the temperature change, the effective CTE can be obtained.

3.1. Formulation of effective CTE

For an FGM under uniform temperature change, although the averaged stress of a
material point is set to be zero, thermal stress will be induced due to the CTE mismatch
between the particles and the matrix at the microscopic scale. Therefore, the averaged
stresses of both the particle and the matrix phases are not zero. From Eq. (24), we obtain

$(X3)[(6)"(X3)] +[1 — ¢(X3)][(6)°(X3)] =0. (28)

With the combination of Egs. (23), (24), and (26)—(28), the averaged particle strain tensor
(e)1(X3) and the averaged matrix strain tensor (g)®(X3) along the FGM gradation
direction X3 can be solved. Since Eq. (23) represents a set of ordinary differential
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equations, the appropriate boundary condition is needed. In the particle-matrix zone with
0<X3<d,, the boundary at X3 =0 corresponds to the 100% matrix material (i.e.,
¢(0) = 0). Thus, the corresponding boundary conditions can be proposed as

(€)8(0) = o8 T8. (29)

In some specific FGMs (Aboudi et al., 1999; Neubrand et al., 2002), the volume fraction
range of one material phase may not vary across the entire possible range, i.e., 0—1. For
example, the volume fraction of a given phase may not reach 100%. In such instances, the
boundary condition presented in Eq. (29) is not applicable. However, the modified
boundary condition of (g)?(0) can be derived with the aid of an appropriate uniform
composite model (as seen in Eq. (36)), which is discussed later in this section.

Therefore, the averaged strain tensors in both phases can be numerically solved on the
basis of the standard backward Eulerian method. Similarly, in the other particle-matrix
with the range of d,<X3<t (zone III), the averaged strain fields are also solved by
interchanging the matrix and particle phases.

For the transition zone II (d; <X;<d), the particle and matrix phases are not well
defined because the two phases interpenetrate into one other as a connected network.
Similarly to Reiter and Dvorak (1998), a phenomenological transition function is
introduced to represent the continuous microstructural transition from zone I to III. Two
sets of solutions are first calculated for zones I and III by extending the respective zone
boundaries. Then, a cubic Hermite function is introduced to combine the contributions
from both solutions as

()L B(X3) = f(X) A2 B(X3) +[1 — f(X3)e)m o B (X3), (30)

where the Hermite-type transition function (Yin et al., 2004) is given by

$(X3) — cp(dl)} [4»()(3) — ¢(d2)} ?
o(dy) — dp(dr) | [ ¢(d)) — p(d2)]

The above treatment allows the averaged strain distributions for both phases to be
continuous and differentiable in the gradation direction. However, because the
microstructure of the transition zone is not truly characterized, this treatment only
provides a phenomenological approximation for the averaged strain in the transition zone
in lieu of a rigorous physics-based solution. For some composites, particles may be
clustered and form a continuous network even at a relative low volume fraction (Agrawal
et al., 2003). The transition zone in such FGMs may thus extend to a wide range. To
predict the effective material properties in the transition zone with increased accuracy, a
rigorous characterization of the microstructure is ultimately needed (Torquato, 2002).
Once the averaged strain distribution of each phase along the gradation direction is
solved, the overall averaged strain at each layer can be further obtained from Eq. (25).
From the relation between the averaged strain and the temperature change, the effective
CTE distribution in the FGM gradation direction can be derived as
&(X3) = (8>(;(3). (32)
Because thermal shear strains are not present, &(X3) has only three non-zero components,
among which, &;; = &, due to the symmetry in the x;—x; plane (see Fig. 1). However,
d33#d) because the averaged strains in the gradation direction is different from those in

JX3)=|1-2 (1)
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other directions due to the particle interactions. Thus, even though both phases of the
FGM are isotropic, the effective CTEs are no longer isotropic.

For an actual free-standing FGM under distributed temperature loading in the
gradation direction, using the CTE distribution in Eq. (32), the thermal strain distribution
can be given as follows:

&(X3) = d(X3)T(X3) (33)
with &, = &3 = 31 = 0. However, from the strain compatibility conditions,
1 1
€323 = 3 (822,33 + 833,22), &131 = 3 (833,11 + 811,33), (34)
in which €23,23 = €31,31 = €3322 = €33,11 = 0. If &1 1(X3) and 822(X3) are nonlinearly

distributed in the X3 direction, their second derivatives in Eq. (34) will not be zero, so
the strain compatibility conditions are not met. Therefore, thermal stress must be induced
to make the strain compatible. However, in some specific situations such as &;1(X3) and
&,(X3) being constant or linear functions of X3, the strain compatibility conditions are still
valid and the FGMs will deform uniformly or curl with a constant curvature, so that no
thermal stress is induced. It is noted that the singular thermal stress in multilayer structures
can be avoided in FGMs due to the continuous material property distribution along the
gradation direction.

The proposed method aims at the thermomechanical behavior of FGMs. However, if
the gradient of the microstructure is zero or if the particle volume fraction is constant in
any direction, this model is still applicable to the uniform composites containing randomly
dispersed particles. In this case, Eq. (23) is reduced to

(@1 =a"Ts+ A —Po-AC)™": (&) — a2’ T8 — Py - CF: &)
+¢ACT" D ((8)% —a'Ts — ACT' . CB: gT). (35)
Substituting Eq. (35) into Eq. (24) provides the averaged strain in phase B as
_ -1
(€)? = oBT8 + ¢>{¢>[(I —Py-AC) + ¢ACT D] + (1 — g)(ch) CB}
x {I—=Py-AC)™" - [(I+Py-C*)] +pAC™"-D-ACT" . C*} : " (36)

Inserting Eq. (36) into Eq. (35) and using Egs. (25) and (32), one can calculate the effective
CTE. The term related to D in Eq. (35) represents the interactions from other particles.
Disregarding this term, Eq. (36) is reduced to

(&) = oBT5 + qs{qsl +(1—d)I—Py-AC)- (C1) " CB}il T+ P - CP)] "

(37)

Solving for the overall averaged strain, one can obtain the effective CTE from Eq. (32) as
KA(3KB 4 4u8

iy = 0y = d33 = o + ¢ (! — oF) ( ) (38)

4uB[pK* + (1 — p)K®]| + 3K K®’

where K and K are the bulk moduli of phases 4 and B, respectively. This prediction is
the same as the former Kerner model (1956). Because this prediction is directly based on
the solution for one particle embedded in the infinite domain and the particle interactions
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have been disregarded, the original Kerner model does not directly take into account the
particle interactions.

3.2. Results and discussion

To demonstrate the capability of the proposed model, the modeling predictions are
compared with the experimental data of Ishibashi et al. (2000). Mo/SiO, FGMs were
fabricated with Mo particles filled in the continuous, glassy SiO, matrix; and the effective
CTE distribution was measured along the gradation direction. The material properties of
Mo and SiO; are: EM® = 324 GPa; vM° = 0.31; oM° = 5.1 x 107°C™"; ES92 = 80.4 GPa;
13102 = 0.18; and o502 = 0.54 x 107°C~" (Ishibashi et al., 2000). The volume fraction of
Mo is approximated by the function,

H(X3) =02 <e—28(X3—0.085)2 _0.1X;+ 0,1>. (39)

Thus, the maximum volume fraction of Mo is about 0.22 at X3~0.085 and only one
particle matrix zone exists in this FGM. The corresponding SEM micrographs can be
found in Ishibashi et al. (2000). Fig. 2 shows the comparisons of the predicted CTE
distribution along the gradation direction with the experimental data. Because the volume
fraction function of Mo particles is not monotonic, the effective CTE does not
monotonically vary in the gradation direction but increases to the peak point and then
decreases. The proposed model provides a relatively good agreement with the experimental
data. However, because the particles are not perfectly spherical with identical size, the
proposed model somewhat underestimates the experimental results at large volume
fractions (small values of X3).

Neubrand et al. (2002) measured CTE distribution in an Al/Al,0; FGM with a linear
gradient of volume fraction of Al particles. The material properties of Al and Al,O3
(Neubrand et al., 2002, Moon et al., 2005) are: EA =69GPa; v =0.33;
oA =231 x 1070 C™!; EAR9s =390 GPa; vAh% =0.2; and «AP% =7.7x 107°C™". In
Fig. 3, Neubrand et al. (2002) used the Reuss and Voigt estimates to establish bounds for
their experimental data. The proposed model was found to fit reasonably well with their
experimental results, which lie just above the lower bound described by the Reuss estimate.

The effective CTE of a two-phase FGM not only depends on the individual CTE of
constituent phases, but also depends on the difference in mechanical properties between
the particle and matrix phases. The thermoelastic properties of two phases of FGMs can
vary by more than an order of magnitude. For instance, the Young’s modulus of graphite
is as low as 9.0 GPa, whereas the modulus of silicon carbide can reach 468.8 GPa (Kingery
et al., 1976). In addition, the CTE of silica is as low as 0.5 x 107°C~' (Wong and
Bollampally, 1999), whereas the CTE of aluminum can reach 23.1 x 107® C~!(Neubrand et
al., 2002). Typically, the effective CTE of a two-phase FGM varies in the range between
the CTEs of the two phases. The variation of the effective CTE in the gradation direction
depends on the volume fraction distribution. For some applications of FGMs in thermal
barrier coatings, there exists a favorable effective CTE distribution to minimize the
thermal stress, which can be achieved by properly selecting the material constituents and
volume fraction distribution. This problem is further discussed in Section 4.2.

Fig. 4 illustrates the effect of the phase material properties on the effective CTE for
FGMs with a linear volume fraction distribution ¢(X3) = X3/7. For convenience, we
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Fig. 2. Comparison of effective CTE distribution in a Mo/SiO, FGM using the experimental data of Ishibashi et
al. (2000) and the present FGM model.

assume v? =% =0.3. The microstructural zone boundaries are selected with the

corresponding volume fractions of 40% and 60%, respectively, which follows Bao and
Cai’s suggestion (1997). In Fig. 4(a), using a?/a® = 10, the normalized effective CTE
increases with increasing Young’s modulus in phase 4. In each particle-matrix zone, when
the particles are much stiffer than the matrix, further changing the particle Young’s
modulus will not produce a considerable effect on the effective CTE distribution. In the
transition zone II, a continuous and differentiable jump of the effective CTE is observed.
For E1#E®, a weak anisotropy of the effective CTE can be observed. In zone I, the
effective CTE along the gradation direction is slightly lower than those in the other two
directions, and vice versa in zone III. However, the difference is very small, so in the
following only the CTE along the gradation direction is discussed. In Fig. 4(b), under the
condition of E4/E®? = 10, if the CTE for each phase is the same, i.e. «”!/a® = 1, the effective
CTE is constant since no thermal stress is induced. When the matrix is much stiffer than
the particles, the effective CTE greatly depends on the matrix CTE.

When the volume fraction gradient of an FGM is reduced to zero or the particle volume
fraction is constant in any direction, the proposed model is still applicable, e.g., for
uniform composites containing randomly dispersed particles. Wong and Bollampally
(1999) measured the CTE for spherical silica particle-filled epoxy composites. The
material properties are given as: EP%Y = 2.25GPa; v°P%% = (.19; ¢Po% = 88 x 107°C~!;
Edlied — 73 GPa; v¥i@ = 0.19; and o = 0.5 x 107°C~!. Fig. 5 presents a comparison of
the effective CTE as described by the experimental data, the proposed model, the Kerner
model, and the Turner model (Kingery et al., 1976). The proposed model is found to be in
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Fig. 3. Comparison of the effective CTE distribution in Al/Al,O; FGM considering the experimental data
(Neubrand et al., 2002), the proposed model, and also the Voigt and Reuss estimates.

excellent agreement with the experimental data, whereas the Turner model grossly
underestimates the effective CTE. Because the epoxy matrix is much more compliant than
the silica particles, it provides a relatively weak constraint on particle deformation.
Therefore, the particle interactions produce a small effect, and the Kerner model yields a
slightly higher prediction. However, these results still illustrate the benefits afforded by the
current model, which explicitly accounts for particle interactions.

4. Thermal stress in graded TBCs

Graded TBCs have been widely used in propulsion and power-generation applications
such as diesel engines, jet engines, and gas turbines (Schulz et al., 2003; Portinha et al.,
2004). The reliability and functionality of coated components are strongly related to
thermal stress in the graded materials (Karlsson et al., 2002; Balint and Hutchinson, 2005).
When a hot FGM is deposited onto a uniform substrate and cooled down to room
temperature, the device is subjected to a large temperature change, which causes a
considerable thermal residual stress in the component. During the service life of a graded
TBC, the surface is exposed to high temperatures, while the temperature in the substrate
may be much lower. As a result, a strong heat flux will be induced within the coating. To
simulate these two situations, in what follows, the thermal stress for graded TBCs bonded
to a thick substrate are considered under two types of thermal loading: uniform
temperature change and steady-state heat conduction.
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Fig. 5. Comparison of effective CTE of silica-filled epoxy composites considering the experimental data of Wong
and Bollampally (1999), the proposed model, the Kerner model, and the Turner model (Kingery et al., 1976).

Consider a graded ceramic/metal TBC bonded to a thick metal substrate as illustrated in
Fig. 6. The temperature changes on the surface of the TBC and at the interface between the
TBC and the substrate are denoted as 7' and 7>, respectively. It is assumed that the
substrate is stiffer than the coating material and the thickness of TBC is much smaller than
other dimensions (Teixeira, 2001; Rangaraj and Kokini, 2003). Thus, the deformation of
the TBC in the X;—X, plane is strongly constrained by the substrate, whereas the
deformation in the X3 direction is free. Since the thermal conductivity of the metal
substrate is typically much higher than that of the coating, the temperature variation in the
substrate should be small. Consequently, the thermal strain of the substrate is, for
simplicity, assumed to be uniform. Although the TBC may provide a shear loading
through the interface, especially at the ends of the coating, it will not affect the shape of the
substrate because the coating is thin and compliant. Thus, the interface remains in plane.
Consequently, it is approximated that the averaged strain components of the TBC in the
X1—X, plane are consistent with the deformation of the metal substrate, namely,

(e11)(X3) = (en)(X3) = &', (40)

where &° denotes the strain of the substrate, typically determined by the CTEs and the
boundary condition of the substrate. Due to the free surface of the TBC, it is written

(033)(X3) = 0. (41)

Thus, in the entire graded TBC, the strains (¢;;) and (&,) and stress (o33) are uniform. On
the upper or lower boundary of the graded TBC, the material is either phase 4 or B, so,
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Fig. 6. Schematic illustration of a thin graded ceramic/metal TBC deposited onto a thick metal substrate and
subjected to a thermal loading.

combining Eqs. (40) and (41), the averaged strain on the corresponding boundary can be
solved. For instance, on the lower boundary, there exists

1 B 2pBes
)2(0) = () 50) = &5 (639)(0) = TP T = = 42)

Using Egs. (40)—(42) along with the governing equations of Egs. (23)—(27), the averaged
strain distribution in each phase of the grade TBC can be derived. The overall thermal
stress distribution in the FGM can then be obtained.

4.1. Graded TBCs under a uniform temperature change

First, consider the graded TBC under a uniform temperature change in the gradation
direction of the FGM, i.e., T' = T?> = T. In the following numerical simulations, the FGM
TBC is made of NiCrAlY metal and ZrO,Y,0; ceramic, which are commonly used
in duplex TBC systems (Teixeira, 2001) with a linear volume fraction distribution. The
material constants are: ENCAY = 170 GPa; oNCAY — (.25; oNICrAY — 17 5 % 070K ~!;
EZr02Y205 — 80 GPa; v%02Y203 = (0.23; and o£02Y203 = 8.6 x 107° K~ (Teixeira, 2001).
The coating is deposited onto a stiffer substrate, which deforms with the temperature
according to

& = Otsub T (43)

with o*"° being the CTE of the substrate. It is noted that, although in the above equation it
is assumed that the substrate strain &° is governed by the temperature change in the
substrate, in general applications of TBCs, the variation of ¢* along the interface may also
be related to the boundary conditions of the substrate, the thermomechanical property of
the coating, and the geometry of the coating and the substrate. For simplicity of modeling,
it is assumed that the mechanical properties of each phase of the FGMs are independent of
temperature, and the deformation of the materials is always in the linear elastic range.
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In Fig. 7, the thermal stress distributions are illustrated for the graded TBC deposited on
four types of substrates and subjected to a temperature change of 7= —400K. The sub-
strates dictate uniform strains, namely: ¢ = —0.002 —0.005 and —0.01, which correspond
to their CTEs, which are: 5; 12.5, and 25 ( x 10"°K™"), respectively. Since the metal phase
of the TBC is stiffer than the ceramic phase, the thermal stress in the metal-rich end is more
sensitive to the change of ¢* than that of the ceramic-rich end. Unlike the discontinuous
thermal stress in multi-layer structures (Teixeira, 2001), the thermal stress of the graded
TBC continuously varies in the gradation direction. When the CTE of the substrate is
higher than that of each layer of the coating, the thermal stress in the coating is
compressive; and vice versa. To reduce the thermal stress, the CTE of the stiffer phase
should be selected close to the CTE of the substrate. In the actual material system, the
tensile strength of ZrO,Y,0; ceramic may vary across a wide range, e.g. from 15 MPa to
800 MPa (Choi et al.,, 2004, Kondoh et al., 2004), which depends on the testing
temperature and the chemical composition of the stabilizer. The stresses are presented here
in the context that they are not higher than the material strength for each material phase.

When the CTE of the substrate matches that of NiCrAlY, the strain of the substrate will
be ¢ = —0.005. Fig. 8 compares the averaged thermal stresses of each phase with the
overall stress distributed in the gradation direction of the TBC. Although the overall
thermal stress varies smoothly, the stress in each phase may not vary monotonically in the
gradation direction due to the interchange of the particle and matrix phases through the
transition zone. In Fig. 8(a), because phase A is much more compliant than phase B and
the substrate has the same CTE as phase B, the compressive thermal stress of phase A
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Fig. 7. Thermal stress distributions in the graded TBC subjected to a uniform temperature change and the
constraint strains from different types of substrates.
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increases along with its volume fraction in zones I and III, whereas it decreases in zone 11
due to the exchange of the particle and matrix phases. However, when the elastic mismatch
between two phases is smaller, the variation of thermal stress for each phase will be
smoother. By setting E?/E? = 1 in Fig. 8(b), the three curves are all linear, as expected. To
reduce the variation of thermal stress for each phase in the gradation direction, differences
in the elastic moduli between phases of the graded TBC should be minimized to the extent
possible.

4.2. Graded TBCs under a steady-state heat flux

During service, the surface of the coating typically is exposed to a higher temperature,
whereas the substrate material stays at a relatively low temperature. An approximately
steady-state temperature field exists in the coating. Since the effective thermal conductivity
of the graded TBC varies spatially in the coating, the temperature field will not linearly
change in the gradation direction. In our recent work (Yin et al., 2005), given the thermal
properties of each phase and the volume fraction distribution of an FGM, the effective
thermal conductivity distribution is successfully predicted. Then, given the temperature
boundary conditions in the surface and the bottom of the coating, the heat flux in the
gradation direction can be solved, and the temperature profile can be calculated. Once the
temperature distribution is obtained, similarly to the previous subsection, the overall
thermal stress distribution and thermal stress in each phase can be obtained.

In the following simulations, the same graded TBC is used, which contains the NiCrAlY
metal and the ZrO,Y,O3 ceramic with a linear volume fraction distribution. Initially, the
TBC is assumed to be unrestrained and free of any thermal residual stresses in either phase.
The temperature changes on the surface and bottom are 7' = 400K and 7% = 275K,
respectively. The thermal conductivities of NiCrAlY and ZrO,Y,0O; are used as 12.5 and
1.8W/K, respectively (Teixeira et al., 1999). Then the effective conductivity distribution
and the temperature profile are obtained as shown in Fig. 9 (Yin et al., 2005). Because the
effective conductivity decreases in the gradation direction, the temperature distribution
curve is downward convex. Thus, in the metal-rich range, the temperature changes slowly,
whereas in the ceramic-rich range, the temperature increases rapidly.

If the substrate is assumed with the same CTE as NiCrAlY, the overall thermal stress at
the bottom of the coating is always zero. Fig. 10 shows the thermal stress distributions of
both phases and overall thermal stress in the gradation direction due to a steady-state
thermal loading. The overall thermal stress is always close to zero, whereas the tensile
stress in phase 4 and the compressive stress in phase B may be in excess of 100 MPa. Since
the effective CTE of the TBC decreases while the temperature increases along the
gradation direction, the overall thermal strain in the TBC is very close to the one in the
substrate. Therefore, the substrate provides a relatively small constraint and the overall
thermal stress in the TBC is small. However, at any material point, since there is a
mismatch of CTEs between phases, thermal stresses will be induced in each phase and will
be proportional to the temperature change.

Fig. 11 compares the thermal stress for the TBC under the steady-state thermal loading
to those of the TBC under uniform temperature changes of 7'=275 and 400K,
respectively. Although the temperature field of the TBC is in the range of 275400 K for
the steady-state thermal loading, the thermal stress for the varying temperature field is
much lower than the stress for each uniform temperature change, either 275 or 400 K. If, at
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Fig. 11. Comparisons of the thermal stress in a graded TBC subjected to three cases of thermal loadings: a steady-
state thermal loading (solid curve) and two uniform temperature changes (dashed and dotted curves).

any material point, there exists
AX3)T(X3) =&, (44)

where d(X;) refers to the components of effective CTE in the corresponding X;—X, plane,
then, the overall thermal stress can be reduced to zero. For a gradually varying
temperature field in the coating, one can achieve the goal of eliminating thermal stress by
properly selecting the materials to optimize the microstructure. However, for given
temperature boundary conditions, because both the temperature field and the effective
CTE in the TBC are related to the microstructure, an iterative optimization method must
be employed. An extension of this work to the design of TBCs for specific applications is
underway.

5. Conclusions

A micromechanics-based thermoelastic model is developed for two-phase functionally
graded particulate materials. The Eshelby’s equivalent inclusion method is employed to
derive the local elastic field under thermomechanicial loading and to define the pair-wise
thermoelastic interaction. For a material point, a graded RVE is constructed to represent
the microstructure at the microscopic scale. By integrating all the pair-wise interactions
from other particles in the RVE, a set of governing equations is obtained for the
thermoelastic behavior of FGMs. Using the governing equations and considering
the stress-free condition over the RVE, the averaged thermal strain distribution in the
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gradation direction is solved and then the effective CTE is obtained, which is shown to be
weakly anisotropic and continuously varying in the gradation direction. When the material
gradient is reduced to zero, the proposed model predicts the effective CTE for uniform
composites. If the particle interactions are disregarded, the proposed model recovers the
well-known Kerner model. These features demonstrates the consistency of the proposed
approach. Furthermore, the proposed model is employed to calculate the thermal stress
distributions for graded TBCs deposited onto thick, stiff substrates. Two types of thermal
loading are considered: uniform temperature change and steady-state heat conduction in
the gradation direction. The effect of the stiffness and CTE of both phases on the thermal
stress distribution is discussed. The micromechanics framework presented in this work is
general and has recently been extended to damage of particulate FGMs (Paulino et al,
2000).

Acknowledgments

We acknowledge the Federal Highway Administration National Pooled Fund Study
776, and the National Science Foundation under Grant no. CMS-0333576 (PATH
program). The results and opinions presented herein are those of the authors and do not
necessarily reflect those of the sponsoring agencies. We also would like to thank Eshan
Dave for his help in the preparation of this manuscript.

Appendix A. Thermomechanical solution for two particles in an infinite domain

For two identical spherical particles 2y and €, embedded in the infinite domain under a
uniform temperature change 7 and a far field elastic strain eg-, the local elastic field can be
solved by the equivalent inclusion method (Moschovidis and Mura, 1975). Due to the
particle interactions, the elastic equivalent eigenstrain of the particles is no longer uniform.
The elastic equivalent eigenstrain of particle Q, centered at the origin can be extended in
terms of polynomial form of local coordinates as

s;(x) = B?/ + B}/-kxk 4+ x € Q. (45)

Because the symmetry of the geometry, the eigenstrain in the other particle Q, centered at
x! is written as

&i(X) = B) 4+ Bjj (X — xi) + -+ +X € Q. (46)
Then, the perturbed strain due to material mismatch is written as
g(x) = — /Q I(x—x)-C%: [e*(x)+ &' dx — /Q I(x-x)-C%: [e"(x)+&"] dx'
0 | (47)
Substituting Eq. (47) into Eq. (1) provides the strain field in particle Qg as
&j(x) = 82’ - P 2‘/{1 Clmn (Bo + ) — Qlj/clp(x)ck/mn mnp
— Pt (x = X') Cp (Boy + &) + Qiip (x — x') CF,0, B, > (48)
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where
25/p5/€1x,~ ( B — 5) (51(], )il + 5k]511,)x,
. —1—25,-‘,,5/([)6] (71) - 5) (5/q, il + 5k,511,)xj
ng[p(x) = T4045(1 — o) +20;j0p1 Xk + (7U —5) (0 + dadp)xi |, (49)
—‘,—254‘,‘(3ka1 + ( o8 — 5) (5zp5/k + (S,kéjp))q
+26;6kx, + (1408 — 12) (5105 + 1) x,
and
1 ap*
Oy (x —x') =

140uB(1 — vB)

[ (7= 50%)0pp0uni + (0% = 5p%) (Sip0y1 + 0150 )i

+(7 — sz)é,y,éklnj + (71)3 — 5p2) (5@ i+ 5k,5/p)nj

+(7 = 502) 00 + (105 — 50%) (5,01 + D) e

+(7 = 5p%)640pny + (708 — 5p%) (6ipdjic + ducdjp)

x | +(7=5p%)050umy + (140% =7 = 5p°) (dudj + dudji)mp
—35(1 - pz) (5,-jnkn/ + 5k/nl-nj)np

—=35(v® — p?) (Sunmmy + Sunjmicny, + dunimmy, + S;mingny,)

+35(1 = p2) (Spemjmin; + Spmpmin; + Spimjmeny + Spymingn)

+35 (7 — 9p2)ninjnkn/np

(50)

The strain in particle , must satisfy the stress equivalent formulation in Eq. (6). Because
the particle strain field is neither uniformly nor linearly distributed, Eq. (6) cannot be
strictly satisfied by introducing a linear eigenstrain as Eq. (45). However, the strain field of
Eq. (48) can be extended in terms of polynomial form of local coordinates. Using Eq. (6), it
is obtained

ACﬂljklcwklmn mn — ‘L’ +o T51] + ( ijkl + PUk[(_X)) lelmn (Bgan + 83111)
- Qijklp( )Cklmn mnp>
ACzjkl Ck/mn mnp Pijkl,p (_X )Cklmn (BO + Smn) + Qt]qup(o)cklmn mnq
- Qi]'qu,P (—X] ) CklmnB:nnq (51)
Solving the above equations for B’ and B! provides
B’ = (C®) . [P' 4+ P(—x') —ACT] T {& — TS
— [P+ P(—x")] - CP:e"} + O(p*).
B' = 0(p*). (52)

It is noted that, from Eq. (11), there exists P(x') = P(—x'). Substituting Eq. (52) into
Eq. (48) yields the local strain field. Considering an average over particle 2, one can find
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that the third term in the right-hand side of Eq. (48) vanishes, the fifth term is of order
O(p®), and then the averaged strain of particles is written as

g0 =01T8+ {I - [PO + P(xl)] . AC}71 : {so —adTé — [PU + P(xl)] -CB: sT} + O(pg).
(53)
Appendix B. Explicit form and integrals of the pairwise interaction tensor

Based on the method of Ju and Chen (1994), the pair-wise interaction tensor in Eq. (13)
can be explicitly derived as

Ly (0,x") = €100k + ¢2 (S + Sudj) + 3 (dymeny + dpmim;)
+ ¢y (5,~knjn1 + dunjng + dpning + (5ﬂn,-nk) + csninininy, (54)

where the coefficients ¢; (i = 1, 2,...,5) are defined as

—d (2dy + 4dy + ds) + d; o
= 77+ )
4d>[d\(3d + 4dy + ds) + dr(2d> + 2d3 + 4dy + ds) — d5| - 2B(Bo+2p)
11
€ = 471,2 - @,
e —di(4dy + ds) — 2dard; — d5
* 7 4dy[d)(3ds + Ady + ds) + dr(2dy + 2ds + Ady + ds) — d2]
C1 = o ds
YT ddy(dy + dy)
d>(8dsdys + 3d5 — 3dyds — 2dads + 2dsds + 8d3) + dida(4ds + ds) — drds
Cs = S
T ddo(dy + do) [d) Bds + ddy + ds) + do(2ds + 2d5 + 4dy + ds) — &3]
(55)
in which
d, =oc—p73(5—3p2)
60uB(1 — vB) ’
3
P
dr, = ﬁ—i—m (5 — 1008 + 3p2),
3
__ P q_p2
d3 - 4#3(1 _ UB) (1 P )’
dy = pi2 (UB _ pz)
4uB(1 — vB) ’
_ P3 2
ds = — (5 7p% (56)

4B — 0B
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and
. =i B 1
T2 — pB)[3(0 = 2B) 4 2(ut — pB)] 30uB(1 — 0B)’
1 4 — 508

B = (57)

2 — By T 30aB(1 — o)’

Here, / is the first Lamé constant, and superscripts 4 and B denote the particle phase 4
and the matrix phase B, respectively.

To integrate the pair-wise interaction of all other particles in the RVE on the central
particle, Eq. (20) is obtained, in which the tensors D and F are written as:

D(O):/Dig( )L(O x) dx,

v 39(x)
F(0) = /D 0 i “Z2L(0, X)x3 dx. (58)

Here, the volume element can be further written as dx = x’dwdx, where dw is the surface
element on the unit sphere X centered at the origin of the coordinates. Because g(x) = 0 for
x<2a, the above equation can be rewritten as

D(0) = / h 39(’“)2 / L(0, x) do dx,

2a

© 3
F(0) = /2 a e~/ f(’;)“ / L(0,x)n2 doo dx. (59)

Using Eq. (54), it is derived

4 4
/ Liz(0, %) do = %(1501 +10¢3 + ¢5)3;00 + %(wq + 10¢s + ¢5) (3 + Sud)
z
(60)

and
4
/ Lixi(0,x)n3 do> = %[3501 + 143 + s + 2(7¢3 + ¢5) (013 + 0k3)10401
>

41
+ m[35c2 + 1deq + 5+ 2(Tea + ¢5) (013 + 073)] (it + Sudjic).-
(61)
Substituting Egs. (60) and (61) into (59) gives Egs. (21) and (22).
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